The early biochemical consequences of inositol starvation in an inositol auxotroph of Saccharomyces cerevisiae were examined as a means of determining the cellular role of inositol. Upon withdrawal of inositol, the rate of incorporation of 32P-labeled inorganic phosphate into phosphatidylinositol and into the phosphoinositol-containing sphingolipids immediately dropped by 80 and 50%, respectively; however, synthesis of the other major phospholipids continued for 2 to 3 h at control rates. The incorporation of [U-4C]glucose into cell wall glycans began to decline immediately poststarvation and decreased to 50% of the initial rate by 80 min for mannan and by 140 min for alkali-and acid-insoluble glucan. These changes in the rates of synthesis of cell wall glycan and phosphatidylinositol were the earliest effects of inositol starvation, preceding inhibition of the synthesis of protein and ribonucleic acid as measured by incorporation of radioactive precursors into trichloroacetic acid-insoluble cell material. These results suggest that phosphatidylinositol may play a direct role in the synthesis or secretion of yeast glycans.
The biochemical consequences ofinositol starvation in Saccharomyces cerevisiae have been examined as a means of determining the cellular roles of inositol. As a result of a defect in inositol biosynthesis, several naturally occurring and mutant strains of S. cerevisiae and S. carlsbergensis have a requirement for myo-inositol, a polycyclic alcohol. When they are starved for inositol, they undergo drastic changes in the metabolism of lipids (3, 6, 8, 11, 15, 16, 18, 22, 26, 32) , carbohydrates (7, 8, 11, 13, 15, 16, 28-30, 34 ), proteins (11, 13, 16) , and nucleic acids (11, 13, 16) . The ultimate result of the changes is loss of cell viability, a phenomenon known as inositolless death (16, 17, 21) .
In yeast, 90% of the cellular inositol is found as a component of various phospholipids (2) which comprise more than one-third of the total phospholipid (35) . The inositol-containing phospholipids of S. cerevisiae can be divided into two broad classes, the glycerophospholipids and the phosphosphingolipids. The principal glycerophospholipid is phosphatidylinositol, with lesser amounts of two phosphorylated derivatives, diphosphoinositide and triphosphoinositide (37, 41) . The two major phosphosphingolipids are mannosyldi (inositolphosphoryl) ceramide [M (IP)2C] and inositolphosphorylceramide (IPC), with lesser amounts of mannosylinositolphosphorylceramide (MIPC) (35) .
After the beginning of inositol starvation, phosphatidylinositol no longer accumulates and begins to disappear within 2 h by being further metabolized to glycerophosphoinositol and to inositol-containing sphingolipids; at the same time, CDP-diglyceride and phosphatidic acid, precursors to phosphatidylinositol, accumulate at high levels (3) .
Other cellular changes encompassing all aspects of cell metabolism follow. According to Henry et al. (16) , cell division ceases at 2 h, whereas the rates of RNA and protein synthesis begin to drop at about 3 h. Cell death and cessation of all metabolic activity begins at about 4.5 h.
Studies in the 1950s and 1960s with inositolrequiring strains of S. carlsbergensis and S.
cerevisiae indicated that inositol starvation in yeast also caused changes in the levels of the two principal cell wall glycans, mannan and glucan (7, 8, 11, 13, 15, 22, 28, 30, 34) . Smith (34) first reported that in S. carlsbergensis, inositolstarved cells failed to divide completely and forned aggregates of up to 50 cells. Ghosh et al. (13) also observed cell aggregates in S. carlsbergensis and found that during inositol-deficient growth, the glucan content of the cell wall increased by threefold, whereas the mannan content remained constant. Cell aggregation and cell wall changes also have been observed in an inositol-requiring strain of S. cerevisiae; the percentage of the cell wall as glucan and glucosamine increased by 1.3-and 6-fold, respectively, in the inositol-starved strain, whereas the percentage as mannan decreased by 2-fold (8, 28) . Several questions about the role of inositol in 80 HANSON AND LESTER cell wall synthesis remained unanswered by these earlier studies. Based on their data, one could not decide whether the cell wall changes observed were early or late events caused by inositol starvation. Not only were some of the inositol-requiring strains leaky in the block in inositol synthesis (15, 22, 34) , but also many of the measurements of cell wall changes were done in old cultures, i.e., 120 h, where many quite indirect effects of the inositol starvation could be expressed (8, 24, 28, 34) .
Since only the accumulation of glycans and phospholipids had been measured, we felt that early changes might be detected by studying the incorporation of labeled precursors into these components. In addition, this would allow us to compare for the first time, under the same conditions, the timing of changes in the syntheses of the cell wall glycans and inositol-containing phospholipids. Earlier studies could not be compared because of differences in the strains and culture media used.
The purpose of this study is to determine the timing and order of cellular changes after the initiation of inositol in yeast. In addition, we wish to determine whether there is a correspondence between the block in phosphatidylinositol synthesis and changes in the synthesis of cell wall glycans. Lipid synthesis. The rate of phospholipid synthesis was determined by pulsing 10-ml samples of control and inositol-starved cells for 15 min at 300C with 2.4 mCi of 'Pi followed by termination with 0.5 ml of 100% trichloroacetic acid. After 1 h at 00C, the cells were washed at room temperature three times with water and extracted in screw-capped tubes for 15 min at 600C twice with 2 ml and once with 1 ml of 95% ethanol-water-diethylether-pyridine (15:15:5:1) made basic with 0.05 ml of concentrated NH40H per 100 ml of solvent (3) .
MATERIALS AND METHODS

Growth
The pooled extracts were subjected to paper chromatography and autoradiography. Inositol-containing lipids were resolved by two-dimensional chromatography on Whatman SG81 paper dipped in EDTA according to Steiner and Lester (36, 38) as modified by Becker and Lester (3) . Other glycerophospholipids were resolved by two-dimensional chromatography on SG81 half-dipped in EDTA (36) . 32P-labeled lipids separated by paper chromatography were visualized by autoradiography on Kodak No Screen X-ray film.
Macromolecular synthesis. The rate of RNA synthesis was determined by pulsing 3-ml samples of control and inositol-starved cells for 15 min at 300C with 1.4 ,uCi of [U-_4C]adenine and terminating with 0.3 ml of 100% trichloroacetic acid. After 1 h at 00C, the cells were washed three times with water and finally were resuspended in 1 ml of water. A portion was analyzed for 14C by scintillation counting (16) . Under these conditions, both DNA and RNA are labeled. However, the RNA represents more than 98% of the radioactivity as judged from its alkali lability.
The rate of protein synthesis was determined by pulsing 3-ml samples of control and inositol-starved cells for 15 min at 300C with 1.4 ,uCi of [U-_4C]lysine or [U-14C]valine followed by termination with 0.3 ml of 100% trichloroacetic acid. After 1 h at 00C, samples were heated for 5 min at 1000C (16) and rechilled at 00C for an additional 0.5 h. The cells then were washed three times with water to remove trichloroacetic acid and resuspended in 1 ml of water. A portion was removed and analyzed for 14C by scintillating counting.
Determination of cell number. The number of viable cells was determined by counting the number of colonies after 2 days of growth at 300C on complex medium plates buffered with 0.05 M glycylglycine, pH 3.2, instead of 0.048 M sodium succinate, pH 5.0. Cell growth also was monitored by turbidity measurements at 650 nm with a Zeiss PMQ-2 spectrophotometer, an absorbance of 2.0 (1-cm light path) was found to be equal to approximately 9 x 106 to 10 x 106 cells/ml (16) and equal to a dry weight of 0.36 mg/ml (41).
Scintillation counting. All counting was done in a Packard Tri-Carb counter equipped with Texas Instruments Silent Writer cassette output. The counting fluid used has been described previously (2) . The counting efficiency for 3H and 14C in this fluid was 30.4 and 75.6%, respectively.
RESULTS
Optimal conditions for transfer to fresh medium. When a yeast culture is transferred to fresh medium, there may be a lag in growth parameters which would obscure early changes resulting from inositol starvation. We therefore sought optimal transfer conditions that resulted in the least perturbation of inositol-supplemented control cultures. When the growth and transfer were carried out as described previously, with MM containing succinate buffer at pH 5.0 (3), a small growth lag was observed and a very large drop (50%) in valine incorporation into protein was observed in the first hour (Fig.  1) Growth and viability during inositol starvation. When cells were transferred to inositolfree medium, the growth rate as measured by absorbance diminished after 1 h, whereas the growth ofthe inositol-supplemented cells continued (Fig. 2) . Cell viability also began to decline 1 h after the initiation of inositol starvation (Fig.  2) .
Phospholipid synthesis. The decline of growth in the inositol-starved strain was preceded by changes in the synthesis of several phospholipids as measured by pulse-labeling with 32Pi. The lipid extracts from the pulse-labeled cells were subjected to two-dimensional chromatography on silica gel-impregnated paper followed by autoradiography (Materials and Methods). After 5 min ofinositol starvation (Fig.  3B ) and more so after 60 min (Fig. 3C) , incorporation of 32P, into phosphatidylinositol was drastically inhibited as compared with the control culture (Fig. 3A) . Likewise, significant changes in labeling of phosphatidyLserine, CDPdiglyceride, and phosphatidic acid could be ob- (Fig. 4) . The molar results were calculated from the specific activity of the 32Pi in the culture medium.
Phosphatidylinositol synthesis, as measured by 15-min pulses of 'Pi, dropped by 80% in the first 20 miin poststarvation, and within 1 h was less than 8% of the control (Fig. 4) .
The syntheses of the other phosphoinositolcontaining lipids also were quickly affected by inositol starvation. Incorporation of 'Pi into M(IP)2C and into IPC+MIPC showed an initial decline of 50% falling to 75% of the control rate after 1 h (Fig. 4) We were surprised to find that incorporation of 32Pi into phosphatidylserine and phosphatidylethanolamine declined steadily from the time of transfer, reaching 50% of the control levels in 90 and 120 min, respectively (Fig. 4) . Insufficient incorporation into phosphatidylcholine was obtained for accurate measurements. Earlier studies (3) indicated that the related glycerophospholipids, phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine, continued to accumulate during inositol starvation for several hours at control rates. Since these earlier studies were performed with significantly different culture conditions as already indicated, it was necessary to measure with the new medium the absolute levels of the various phospholipids during inositol starvation. This was carried out by growing cells to uniform labeling with 32p; and transferring the cells to fresh medium with or without inositol with the same 32p; specific activity. Under the newer culture conditions, phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine did indeed continue to accumulate at control rates (above control for phosphatidylserine) for 2 to 3 h after transfer (Fig. 5) . Also evident was a rise in the level of CDP-diglyceride to substantial levels as compared with unmeasurably low levels in the control, confirming earlier experiments (3). Therefore, the apparent paradox can be resolved if one calculates the expected specific activity of CDPdiglyceride in the pulse-labeling experiment by dividing the radioactivity incorporated into CDP-diglyceride (Fig. 4) by the absolute amount of CDP-diglyceride (Fig. 5) , thus obtaining the values indicated in Fig. 6 . This shows a drastic lowering of the specific activity of CDP-diglyceride as inositol starvation continues. If this specific activity is used to calculate the rate of synthesis of phosphatidylethanolamine and phosphatidylserine instead of the specific activity of 32P, in the medium, then the apparent rates of syntheses of these lipids remain constant for 1.5 h and begin to decline thereafter, wholly consistent, therefore, with the data shown in Fig.  5 . Using these values for CDP-diglyceride to correct the pulse-labeling data (Fig. 4) , one still observes an immediate 80% drop in the synthesis of phosphatidylinositol; however, synthesis continued at 20% of the control rate for 3 h instead of apparently declining.
In summary, it appears that, except for phosphatidylinositol, the major phospholipids continue to be synthesized at control rates for at least 2 h poststarvation. It is imnportant to note that for 3 h after the start of inositol starvation, the absolute level of phosphatidylinositol remained essentially constant (Fig. 5 ), indicating that a lowered rate of turnover must be balancing the decreased rate of synthesis (Fig. 4) . The major phosphoinositol sphingolipid, M(IP)2C, continued to accumulate at control rates for 2 h presumably at the expense of phosphatidylinositol (2, 3) . The definition of the timing of these changes in growth and phospholipid synthesis during inositol starvation gives us a necessary perspective to interpret the timing of changes in macromolecular syntheses.
Glycan synthesis. Other workers (7, 8, 11, 13, 15, 22, 28, 30, 34) who studied the effect of inositol starvation on glycan synthesis measured the chemical amounts of glucan and mannan. When one considers that the cell doubling time is about 2.5 h in control cultures, one can expect only an increase of 15 and 30% in these components after 30 and 60 min, respectively. Since the reproducibility of our data concerning the extraction, separation, and chemical measurement of glucan and mannan was no better than 10%, we found it difficult to pinpoint the timing of changes in the rate of glycan syntheses by measuring absolute levels. The top panel of Fig.  7 shows the result of a typical experiment measuring total mannan levels, carried out with cells uniformly labeled with [3H]glucose transferred to fresh medium with or without inositol containing [3H]glucose of the same specific activity.
The mannan fraction was isolated as described in Materials and Methods, and the total counts were measured. Control experiments showed that all the label in these fractions was in mannose after acid hydrolysis. It can be seen that accumulation of mannan was slower in the inositol-starved cells, but the data are not precise enough to accurately judge the timing of the changes. To better define the timing of possible glycan changes, the synthesis of new glycan rather than total glycan was measured. To get around the problem of possible losses of glycan during extraction, we studied the incorporation of [14C]glucose in short pulses into mannan and alkali-and acid-insoluble glucan in cells continuously and uniformly labeled with [2-3H]glucose. The isolated glycan fractions were hydrolyzed, the resulting glucose and mannose were separated by column chromatography, and the ratio of 14C/3H was determined; this ratio was equivalent to the specific activity of the glycan and was independent of the reproducibility of extraction and purification. The results obtained are given in the lower two panels in Fig. 7 , with the 14C/3H ratio normalized to 100 for the zerotime control ratio. The labeling of both glucan and mannan remained essentially constant in the control cells for 3 h, whereas in the inositolstarved cultures a linear decrease in the labeling rate was observed which extrapolated to zero time. A 50% inhibition occurred at 80 min for mannan labeling and at 140 min for glucan labeling.
Protein and RNA synthesis. Cells uniformly labeled with [2-3H]glucose were pulsed with [U-14C]valine, -lysine, and -adenine, and the 14C/3H ratio was-measured in the trichloroacetic acid-insoluble material; the data were normalized to a value of 100 for the initial pulse in control cells. For the first hour of starvation, little change from the control was seen (Fig. 8) , the incorporation rate decreasing slowly thereafter. The time to achieve a 50% decrease in incorporation rate was 210 min for lysine and valine and 100 min for adenine. Adenine incorporation was unusual in that the control rate increased 100% in 3 h of incubation, whereas a much lower increase was observed for valine and lysine incorporation. DISCUSSION The most direct interpretation of the data is that synthesis ofphosphatidylinositol is required for the synthesis of glycans in yeast. An 80% inhibition of the synthesis of phosphatidylinositol is the first detectable result of inositol starvation, occurring within a few minutes (Fig. 4) . Glycan synthesis begins to decline promptly after inositol starvation (Fig. 7) before we can detect slowing of the growth rate measured as turbidity and as viable cell count (Fig. 2) sgiiant inhibition of the synthesis of the major phospholipids (Fig. 4-6) , and before significant inhibition of RNA and protein synthesis (Fig. 8) . Since the level of phosphatidylinositol does not decrease (Fig. 5 ) in proportion to the drop in glycan synthesis (Fig. 7) , we (14) . Roughly half of the inositol-containing lipid is sphingolipid (35) . It is perhaps noteworthy that only fungi, plants, and eucaryotes with cell walls, have phosphoinositol-containing sphingolipids (5) . Can these components be ruled out as playing a role in the immediate response to inositol starvation? The major sphingolipid, M(IP)2C, continues to accumulate at the control rate for 2 h after inositol is withdrawn (Fig. 5) ; however, pulse-labeling of this lipid with 32Pi is promptly and severely depressed after the onset of inositol starvation but to a lesser extent than phosphatidylinositol (Fig. 4) . This latter effect is due to the fact that phosphatidylinositol is the precursor of the phosphoinositol moiety of the sphingolipids (2, 5; G. Becker and R. L. Lester, unpublished data). Therefore, when inositol is withdrawn, sphingolipid synthesis is mainly at the expense of preexisting molecules of phosphatidylinositol. Consequently, it cannot be ruled out that molecules of inositol-containing sphingolipid produced from newly synthesized phosphatidylinositol play a unique role in glycan synthesis. It The relatively smaller changes in incorporation of 32p; into di-and triphosphoinositides should be viewed in the light of the fact that with these short incorporation times, a large fraction of the label is expected in the phosphomonoester groups which undergo rapid turnover (37, 41 various possibilities are functions as a specific enzymatic cofactor or in creating an appropriately charged and oriented membrane environment for a specific synthetic step. Another likely possibility is in the complex processess whereby production of surface glycans in yeast is accomplished by packaging of components in membranous intracellular vesicles and the secretion of their contents, possibly after fusion with the plasma membrane (25) . Considering the fact that lysophospholipids are fusogens (27) , phosphatidylinositol turnover which involves deacylation (2) could provide lysophosphatidylinositol at the cell surface.
The order of events after withdrawal of inositol is similar to that reported earlier by Henry et al. (16) except that the onset of some of the changes is significantly sooner. The differences in timing are probably due to the use of different culture conditions. Henry et al. (16) grew cells in complex medium and transferred these to inositol-free MM probably resulting in a lag due to the shiftdown in medium composition or the significant pH changes (Fig. 1) . Our conditions were developed to minimize such changes.
In summary, we have presented evidence that inositol plays a role in the synthesis or secretion, or both, of surface glycans in yeast and have defined the conditions for further investigation of this phenomenon. 
